skite spectra (Fig. 3, B and C). The new
peaks were sharp; often their widths were
below the resolution limit of our Ge detec-
tor (~0.22 keV full width at half maxi-
mum). Such conditions are characteristic of
reduced shear stresses (due to low sample
strengths), and they suggest that the sample
temperatures are higher than that associat-
ed with the orthorhombic-to-cubic trans-
formation. The new peaks can be indexed
as a mixture of (Mg,Fe)O (magnesiowiis-
tite) and rutile-structured SiO, (stishovite).
That is, our sample appears to have disso-
ciated to mixed oxides and perovskite after
prolonged laser heating at high tempera-
tures. Although we cannot rule out the
possibility of small amounts of partial melt-
ing during the formation of magnesiowiis-
tite and stishovite, large-scale melting
seems unlikely because of the strong inten-
sity of the diffraction lines. The oxide lines
remained after the sample was quenched, an
indication that the transition is irreversible
over the time scales of cooling in these
experiments. Close inspection of the 211
line of stishovite shows a splitting on cool-
ing, however (Fig. 3C). This distortion is
consistent with the formation of the CaCl,
phase at room temperature, as observed in
diffraction and spectroscopic experiments
at comparable pressures (17).

In general, our results are consistent with
carlier diamond cell studies showing ortho-
rhombic silicate perovskite as the primary
phase in quench experiments after moderate
laser heating at pressure =25 GPa for sam-
ples with comparable iron contents (1). Our
data indicate that cubic silicate perovskite
could have been synthesized in earlier exper-
iments, but it would not have been observed
because of the reversibility on quenching
to room temperature conditions. Our results
are in contrast with conclusions of recent
LAPW (18) and pseudopotential (19) calcu-
lations for MgSiO, compositions that or-
thorhombic perovskite (Pbnm) is thermody-
namically favored over cubic and tetragonal
structures for the entire pressure range of the
lower mantle. In both of these studies, the
free energy of the perovskite structure is
particularly sensitive to the rotations of the
SiO; octahedra. We infer that the substitu-
tion and site occupancy of iron in perovskite
may alter the energetics of these distortions
and thereby stabilize the high-symmetry
phase. Because these reactions appear to in-
volve a finite change in volume, they would
require a significant change in compositional
models of the lower mantle if they are geo-
logically possible within Earth.
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ILR1, an Amidohydrolase That Releases Active
Indole-3-Acetic Acid from Conjugates

Bonnie Bartel and Gerald R. Fink*

In plants, the growth regulator indole-3-acetic acid (IAA) is found both free and conjugated
to a variety of amino acids, peptides, and carbohydrates. IAA conjugated to leucine has
effects in Arabidopsis thaliana similar to those of free IAA. The ilr1 mutant is insensitive
to exogenous IAA-Leu and was used to positionally clone the Arabidopsis ILR1 gene. ILR1
encodes a 48-kilodalton protein that cleaves IAA-amino acid conjugates in vitro and is
homologous to bacterial amidohydrolase enzymes. DNA sequences similar to that of ILR7

are found in other plant species.

IAA, the most widespread and abundant
auxin, is a signaling molecule that modulates
division and elongation of plant cells. IAA
regulates developmental events including
embryo symmetry establishment (1), root
initiation, and apical dominance, as well as
environmental responses such as gravitro-
pism and phototropism (2). Most TAA in
plants is found conjugated through its car-
boxyl group to a variety of amino acids,
peptides, and carbohydrates (3). These con-
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jugates represent ~95% of the IAA pool,
and they are postulated to inactivate excess
IAA, allow rapid alteration of free [AA con-
centration, and transport IAA through the
plant (3). Although conjugation and decon-
jugation are likely control mechanisms in
the modulation of free IAA concentrations
during development and growth, the en-
zymes involved in these processes are only
beginning to be characterized. The maize
iaglht gene, which encodes an enzyme that
esterifies JAA to glucose, has recently been
cloned (4), and enzymes that hydrolyze
[IAA-glucose (5) or IAA-Ala have been par-
tially purified (6). To determine the role of
IAA conjugates in vivo, we isolated Arabi-
dopsis mutants with defects in deconjugation.

More than 80% of the IAA pool in Ara-

bidopsis is in an amide-linked form (7), but
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these conjugates have not been structurally
characterized in detail. We tested several
[AA-amino acid conjugates to identify
those with IAA-like effects on Arabidopsis
growth. Seedlings germinated on 3 pM IAA
had shortened primary roots and increased
induction of lateral roots. Several IAA-
amino acid conjugates (IAA-Ala, IAA-Gly,
IAA-Phe, and IAA-Leu) mimicked IAA ef-
fects (Fig. 1) (8), whereas others (IAA-Asp,
[IAA-Ile, and IAA-Val) did not (8). These
results suggest either that Arabidopsis can
hydrolyze certain IAA conjugates to release
free IAA or that some conjugates them-
selves have hormone activity.

To distinguish between these alterna-

Fig. 1. The ilr1 mutant is
resistant to 1AA-Leu, but
not to free IAA or IAA-Ala.
Seedlings were grown for
9 days on minimal medi-
um with sucrose (0.5%)
(30) (A) or on the same
medium  supplemented
with 50 pM 1AA-Leu (B),
50 uM IAA-Ala (C), or 3
wM IAA (D). The mutants
shown are homozygous
F5 plants from the third
outcross of ilr1-1 (isolated
in the ecotype WS) to the
ecotype Col-0.

Col-0
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tives, we screened for mutants insensitive to
[AA-Leu (9), with the expectation that
some of these mutants would be unable to
cleave, transport, or import IAA—amino acid
conjugates. Mutant plants with increased
primary root growth on IAA-Leu were al-
lowed to self-fertilize, and seeds from the
next generation were tested for resistance to
IAA and IAA-Leu. Some mutants were re-
sistant to both compounds, and these may
represent alleles of the IAA-resistant mu-
tants auxl, axrl, and axr2 (10). We also
found four mutants that were resistant to
IAA-Leu but were not resistant to free [AA
(Fig. 1). These mutants were recessive and
defined a single complementation group, ilrl.

WS ilr1-1
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We cloned the ILRI gene by means of a
map-based positional approach. The ilr] al-
leles (isolated in the ecotype WS) were
crossed to two mapping ecotypes, Col and
Ler. DNA prepared from the resultant ilrl/
ilr] F, plants was analyzed by the polymerase
chain reaction (PCR) at loci polymorphic
for length (11) or for restriction enzyme sites
(12). The ilr] mutation was localized be-
tween nga32 and ngal72, two polymorphic
markers on chromosome 3 that were sepa-
rated by less than 2 centimorgans (cM) (Fig.
2A) (11). Yeast artificial chromosomes
(YACs) containing Arabidopsis genomic
DNA surrounding these markers had previ-
ously been identified (13), and we isolated
the ends of insert DNA (14) from these
YACs to orient them into a contiguous
stretch of DNA spanning the ILRI locus
(Fig. 2B). We developed new polymorphic
markers (12) from the YAC insert ends and
used these markers to refine the ILR! posi-
tion to a ~0.5-cM region between the left
end of yUPI7D8 and the right end of
yUP4G12 (15). The 60-kb segment be-
tween these YAC ends was cloned from a
N-based Arabidopsis genomic library (16),
and the region containing ILRI was further
narrowed to ~30 kb by analysis of an addi-
tional polymorphic marker made from DNA
in the interval (Fig. 2C) (17).

We identified expressed sequences in the
ILRI region by probing an Arabidopsis com-
plementary DNA (cDNA) library (18) with
subclones from the X clones. Seven classes of
cDNAs were isolated, and their inferred po-
sitions and the sizes of the longest cDNAs
isolated for each are shown in Fig. 2D. We
sequenced portions of the cDNAs (19), and
comparison of these sequences to the Gen-
Bank database (release 86.0) revealed that
the protein encoded by cDNA A (Fig. 2D)
was similar (Fig. 3) to bacterial aminoacy-
lase (20) and hippuricase (21). These en-

Table 1. Substrate specificity of the ILR1 enzyme
expressed in E. coli. Rates shown for the Phe,
Leu, and Ala conjugates are the mean * SD of
three time points (23). Hydrolysis of the other sub-
strates was not measurable at the early time
points, and rates were calculated from 3-hour re-
actions. Extracts prepared from E. coli trans-
formed with control vector did not hydrolyze any
substrate at detectable concentrations (<10 pmol
min~' mg~" protein).

ILR1 activity (IAA

Substrate released, pmol min~?

mg~" protein)

IAA-Phe 1600 = 100

IAA-Leu 1200 * 160

IAA-Ala 200 = 70

IAA-Gly 100

IAA-Val 92

I1AA-lle <10

|IAA-1-O-B-D-glucose <10

IAA-myo-inositol <10




Fig. 2. Genetic and physical map of the genomic region
containing ILRT. (A) Analysis of a population segregating A

for ILR7 and ilr1 localized ILR17 to the region of chromo-

1.3 0.6
cM cM

nga32 «<—— [fir1 &> ngal72

some 3 bounded by the polymorphic markers nga32 and Telomere T T
ngai72 (11). (B) Alignment of YAC clones spanning the ‘71_'?;8 M6N 4%:52
ILR7 locus. End probes were isolated from the YACs
hybridizing to nga32 or ngai72 (13) by plasmid rescue B
N T . . P
(74). Vertical lines represent probes used for hybridization ~ YACs: yUP1708 I RIE |
or detection of polymorphisms. (C) A clones spanning the I*. yUP1B6 |
ILR1 locus were isolated by hybridization (76). Sal | (S) | ~yUP20D2 | J —_—
and Xho | (X) restriction sites are indicated. (D) Seven _ L. 100 kb
expressed sequences encoded entirely within the \ P Tl
clones shown in (C) were isolated by hybridization. Ar- c T Tl
rowheads indicate the direction of transcription, when A clones: -7 AV
: - A4 Sl
known. - e
A-16 S S X A2
X X S X
D G (¢} A B F D E —
cDNAs: —— - — - —— — 2 kb
(k) (24) (1.9) 1ﬁ;; (2.9) (0.6) (3.5) (0.9)

zymes both cleave amides, as would an en-
zyme that hydrolyzes IAA-Leu (Fig. 4).

To test whether cDNA A was ILRI, we
used PCR to amplify genomic DNA from
each of the four ilr] alleles and directly se-

quenced these PCR products (19). Each of

three alleles (ilr1-1, ilr1-2, and ilr]-3) gener-
ated by ethyl methanesulfonate (EMS) con-

ILR1

ILLL

ILL2 [JALNKLLSLT[FQLLLFML SVARESPWI- AEDTSQIQTKL

hipp

acyl MTKEEIK

ILR1 DSLEVIRIK PVAKTGV AWITES CSKEV-F ] 0 S

ILL1 IRSEIDLT IGYJGEPPIgVAL RADMDALPIQERVEWE(
I TGYGEPPES VALRADMDALPIQEGVEWEH

tained a single base pair difference (which
resulted in an amino acid substitution) from
the gene in the unmutagenized parental
strain (Fig. 3). The allele ilr1-4 (22) con-
tained a single base pair deletion at codon
400, which resulted in a frame shift at this
position. These differences, along with the
fact that the mutations in ilrI-1 and ilrl-2

DF SGSFFVI[EVTFFFEPPLSAGSYDSGSGLESLARGMEHSINDEEFFF{IIR GIENNQN IS TIA RO F 75
LNNFL--T{ROL LLL{RL RVANE SPWIVAGDVSRIPINF{RELANSZAUZD STV RIENNQE TSN ERFEPNSF 73

DEI DDLEG--FiLS E SfeGTGER 221
KNI RS ERTEF L 219
KNWEA - -18T SARI F 220

LFEKF SDYV] MEFGSD FYLK 184
MDGIaV--V1] SPLERENTGIV 188

ILR1 QKTKAAIF IKN L[EAGKPL] FFV 442
ILLl EDFS“F‘E IPGH L YASS— Hi 438
JARWARE DF S)(FLIE| IPGH NGYASS-EMgLI 439
hipp [HYM§GF[§C(d KKCAYAF ENENDIY----- LENSS 383
acyl ------ BHGRRRELRIFAKSARQLFLR--RRGQC KRHRLPAPP ALYD 370

Fig. 3. Alignments of the deduced amino acid sequences (25) of the predicted ILR1 (cDNA A), ILL1, and
ILL2 proteins of Arabidopsis with the hippuricase enzyme (hipp) from Campylobacter jejuni (27) and an
aminoacylase (acyl) from Bacillus stearothermophilus (20). Sequences were aligned with the program
Megalign (DNAStar) using the Clustal method (33). Amino acid residues identical in at least three of the five
sequences are boxed, and hyphens indicate gaps introduced to maximize alignment. The mutations in
the fourilr1 alleles are Gly'3° — Asp'39 (jir1-1), Gly*'® — Glu*'® (jIr1-2), GIu®® — Lys®° (iir1-3), and a single
base pair deletion at codon 400 (ir7-4). Nucleotide sequences were deposited in GenBank (accession
numbers: /LR1, U23794; ILLT, U23795; and ILL2, U23796).
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changed amino acids that were identical
among cDNA A and the bacterial amidohy-
drolases (Fig. 3), support the conclusion that
cDNA A encodes the ILR] gene.

To determine whether ILR1 catalyzed
[AA-amino acid hydrolysis, we expressed
the ILRI cDNA in Escherichia coli and test-
ed extracts from the resultant strain for
conjugate cleavage activity (23). Extracts
from cells expressing ILRI cleaved IAA-
Leu to yield free [AA (Table 1), whereas
extracts from control strains transformed
with the vector did not. The partially puri-
fied IAA-Ala hydrolase from carrot requires
Mn?* for maximal activity (6), and the
bacterial aminoacylase from Bacillus stearo-
thermophilus  requires Co®*  (20). Both
Mn?* and Co?* enhanced ILR1 activity,
whereas EDTA decreased ILR1 activity (8).
[LR1 cleaved both IAA-Leu and IAA-Phe
with similar efficiency, and it cleaved IAA-
Ala, IAA-Gly, and IAA-Val with low effi-
ciency (Table 1). IAA-Ile, which lacks
[AA-like effects in Arabidopsis (8), was not
hydrolyzed by ILR1 nor were the ester con-
jugates of [AA with glucose or inositol. The
in vitro substrate specificity of the ILR1
enzyme mirrored the in vivo resistance of
the ilr] mutant, which was slightly resistant
to IAA-Phe (8) as well as to [AA-Leu (Fig.
1) but remained sensitive to [AA-Ala (Fig.
1) and IAA-Gly (8). These findings suggest
that the resistance of the ilrl mutant to
[IAA-Leu and IAA-Phe is the result of de-
creased cleavage of these conjugates rather
than an import defect. The isolation of mu-
tants that are resistant to both [AA-Ala and
[IAA-Gly but not to IAA-Leu or IAA-Phe
(8) suggests that [AA—amino acid conjugates
fall into at least two classes in Arabidopsis.
Whether these classes serve overlapping or
distinct functions during growth and devel-
opment remains to be determined.

ILRI is a member of a small gene family.
A partially sequenced Arabidopsis cDNA
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(GenBank accession number T13869)
showed similarity to ILRI. We used this
partial cDNA (24) to probe an Arabidopsis
cDNA library (18) by hybridization and
isolated two classes of cDNAs: the ILRI-
like gene (ILLI), used as a probe, and a
second ILRI-related gene (ILL2). We se-
quenced these two cDNAs (19), and their
deduced amino acid sequences are about
87% identical to one another, 43% identi-
cal to ILR1, and 30% identical to the bac-
terial hydrolases (Fig. 3).

ILRI and ILL] potentially encode 48-kD
proteins that are similar along their lengths
to the bacterial amidohydrolasés, with the
exception of a hydrophilic COOH-termi-
nus and a stretch of hydrophobic amino
acids at the NH,-terminus with character-
istics of a signal sequence (Fig. 3). ILL1 has
a sequence at its COOH-terminus, HDEL
(25), that has been shown to be essential for
active retrieval of proteins into the lumen
of the endoplasmic reticulum (ER) (26),
which suggests that some IAA conjugate
hydrolases function in the ER. The major
auxin-binding protein in maize, ABP1, also
has an ER retrieval signal (26), consistent
with a role for IAA metabolism in this
compartment.

DNA sequences similar to ILRI were
detected by low-stringency hybridization of
the ILRI ¢cDNA to DNA isolated from a
variety of other dicots, including tomato,
carrot, and bean (8). In addition, compari-
son of the ILR1 sequence to the DNA
databases uncovered several partial se-
quences from anonymous rice cDNAs that
potentially encode sequences similar to the
ILR1 protein (27). These results suggest
that I[AA—amino acid hydrolases function
in all flowering plants and that hormone
deconjugation is a general control mecha-
nism in IAA metabolism.

A correlation has been observed be-
tween the hydrolysis of exogenously applied
[AA—amino acid conjugates and their bio-
logical activity (28). Our results strongly
suggest that certain conjugates are cleaved
in vivo and that this hydrolysis is necessary
for IAA activity. Elucidating the regulation
and localization of ILR1 and related IAA-

° ﬁ\ COOH
ILR1
N" “cooH o > N+
rabidopsis N
N thaliana H HaN  COOH
H IAA-Leu IAA Leucine
Q COOH
) PR
N CooH Hippuricase O/ + HaN CooH
H Campylobacter
it
Hippuric acid sejunt Benzoic acid Glycine
o
)l\ /L Aminoacylase
N CooH —_— H3CCOOH 4 HpN  'COOH
H Bacillus
P Acetic acid Alanine

Fig. 4. Reactions catalyzed by ILR1, hippuricase
(21), and aminoacylase (20).
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amino acid hydrolases may reveal the roles
of their corresponding conjugates during
development. Ultimately, the ability to
control deconjugation may allow the ma-
nipulation of [AA concentrations in vivo
to influence the size and shape of plants.
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codon 23. The E. coli strain BL21 [DE3]/pLysS [F. W.
Studier, A. H. Rosenberg, J. J. Dunn, J. W. Duben-
dorff, Methods Enzymol. 185, 60 (1990)] was used for
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ed by centrifugation, resuspended in 2 ml of lysis
buffer (200 mM Hepes, 2 mM dithiothreitol, and
0.05% Triton X-100, pH 7.0), and lysed by freezing at
~70°C followed by thawing at 25°C. Viscosity was
reduced by passage through a 26G syringe, and ex-
tracts were added to two volumes of lysis buffer con-
taining 1 mM substrate (IAA-Leu, and so forth) and 1.5
mM MnCl,. Reactions were allowed to proceed at
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addition of two volumes of 50% ethanol and 1% ace-
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and were quantitated by peak area. Protein concen-
trations were determined by the dye-binding method
with the use of a kit from Bio-Rad (Melville, NY).
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